24 25 Abbreviations CCCP: carbonyl cyanide m-chlorophenyl hydrazone; FWHM: full-width at half-maximum; LTR: 26 Lyso-Tracker Red; MLC: mitochondria and lysosome contact; MTG: Mito-Tracker Green; SIM: structured 27 illumination microscopy 28 29 ABSTRACT 30 Super-resolution optical microscopy has extended the spatial resolution of cell biology from the cellular level to 31 the nanoscale, enabling the observation of the interactive behavior of single mitochondria and lysosomes. 32
Introduction 41 The crosstalk between mitochondria and lysosomes is involved in many cellular processes. For instance, 42 mitophagy, a process that selectively removes redundant or damaged mitochondria, plays an important role in 43 regulating the number of intracellular mitochondria and maintaining mitochondrial functions. 1 Dysregulated 44 mitophagy is implicated in many diseases, such as neurodegenerative diseases and cancer. [2] [3] [4] To date, mitophagy 45 has been often studied at the cell level through methods such as flow cytometry, 5 enzyme-linked 46 immunosorbent assay, 6 western-blot, 7 and confocal fluorescence microscopy. [8] [9] [10] These methods only report the 47 cumulative level of mitophagy and ignore individual mitophagy events from the fusion between single 48 mitochondria and lysosome pair. Although confocal fluorescence microscopy can detect mitophagy using 49 mitophagy-specific dye, it is difficult to distinguish subcellular structures at a resolution beyond 200 nm. 11, 12 50 Moreover, confocal fluorescence microscopy does not provide details for the interactive behavior of individual 51 mitochondria and lysosome pairs. Thus, a novel strategy is needed to capture detailed information on the 52 crosstalk between individual mitochondria and lysosome pairs. 53 54 Recently developed super-resolution fluorescence microscopy techniques, such as stimulated emission deletion 55 (STED), 11, 13, 14 structured illumination microscopy (SIM), 12, 15, 16 and stochastic optical reconstruction 56 microscopy (STORM), [17] [18] [19] as well as other single-molecule super-resolution imaging techniques, 20, 21 have 57 provided new tools for investigating interactions between organelles at the subcellular level. And the interaction 58 between mitochondria and lysosomes have been brought into focus using these techniques. For example, SIM 59 super-resolution imaging has revealed a new type of interaction, mitochondria and lysosome contact (MLC). 12, 60 22 Unfortunately, a parametrization system for the assessment of the interactive behaviors such as MLC and 61 mitophagy under a super-resolution microscope is currently unavailable. 62 63 To fill this gap, in this toolbox paper, we propose an analysis system, M-value, to quantitatively analyze the 64 crosstalk between mitochondria and lysosomes at the subcellular level. The M-value in MLC is less than 0.4, 65 whereas the M-value in mitophagy ranges from 0.5 to 1.0. Thus, this M-value system provides a robust platform 66 to quantitatively analyze the interactive behavior of subcellular organelles under super-resolution microscopy. 69 To investigate MLC events in living HeLa cells using super-resolution imaging, we first incubated cells with a 70 commercially available mitochondrial probe (Mito-Tracker Green, MTG, 100 nM) and a lysosomal probe 71 (Lyso-Tracker Red, LTR, 200 nM) for 30 min, and then observed mitochondria (green) and lysosomes (red) 72 under a SIM (Fig. 1A) . The intracellular mitochondria showed spherical, rod-shaped or filamentous 73 arrangement in an irregular manner at a resolution of approximately 150±24.67 nm (n=10) ( Fig. S1 ). 74 Mitochondria are approximately 0.3 μm in width and 0.6-10.0 μm in length ( Fig. S2 ), which is consistent with 75 our previous results. 12 In particular, there were more filamentous mitochondria than spherical and rod-shaped 76 ones, a benchmark of healthy cells. In contrast, the diameter of spherical lysosomes (red color) was 0.6±0.16 77 μm (n=200) ( Fig. S3 ). Both MTG and LTR allow for high-resolution staining under SIM, which enabled us to 78 capture and understand the dynamic process of MLC ( Fig. 1A, B ). MLC events occur frequently in living cells 79 ( Fig. 1B) with a dynamic process from contact to separation ( Fig. 1B , white arrows). In addition, we observed 80 that mitochondria were surrounded by multiple lysosomes (Fig. 1C ). Various types of MLC events, 12, 22 such as 81 point contact ( Fig. 1E-7 ), extended contact ( Fig. 1E-8 ), and surrounding contact ( Fig. 1E-9 ) were also observed. 84 Recently, it has been reported that dysregulated contact sites formed by mitochondria and lysosomes are linked 85 to Parkinson's disease. 23 We reason that proteins involved in MLC will provide a new perspective and drug 86 targets for the treatment of this disease. A quantitative analysis platform to analyze MLC at the subcellular level 87 would therefore allow us to understand the biological functions and evaluate the therapeutic effects of different 88 drugs. Here, we introduce a quantitative analysis system, M-value that is derived from the full-width at 89 half-maximum (FWHM) of organelle images, for understanding MLC events at the subcellular level. FWHM 90 refers to the full width of the image at half-maximum value and can directly reflect the resolution of image. 91 MTG-stained Mitochondria and LTR-stained lysosomes result in yellow spots when they merge ( Fig. 1H ). 92 Herein, we use the following calculation formula to define the M-value of the merge. We will demonstrate that the M-value is a simple and well-defined number that can be used to quantitatively 98 assess MLC events in live cells. We first observed that a typical MLC event ( 104 Mitophagy has been commonly studied by co-localizing fluorescently stained mitochondria and 105 autophagosomes with confocal microscopy in cells. 24 However, this strategy is not suitable for the quantitative 106 analysis of mitochondria-lysosome interactions at the subcellular level. To address this issue, we set out to use 107 the M-value to quantitatively analyze mitophagy. ). In addition, CCCP treatment induced more frequent mitophagy (Frame 1-3 in Fig. 2A ), as evidenced by 114 the appearance of more yellow spots resulting from fusion between mitochondria (green) and lysosomes (red) 115 ( Fig. 2A inset 1-3 and Fig. 2B ). This result indicates that more mitophagy occurs under pathological conditions. 116 Because dysfunctional mitophagy is closely associated with many diseases, 2-4 a quantitative analysis of 117 mitophagy is of great significance for the drug development. With this goal in mind, we calculated the M-value of the mitophagy after the cell was exposed to CCCP for 12 h 120 ( Fig. 2A blue enlargement, and Fig. 2D ). The M-value of the mitophagy event is greater than 0.5, and some 121 even reaches close to 1.0 ( Fig. 2C, E) . To test whether the M-value can be applied to all mitophagy events, we 122 performed a quantitative analysis to more mitophagy events (n=100) ( Fig. S9-12 ). The M-values in all 123 mitophagy events consistently range from 0.5 to 1.0 ( Figure 3A) . Thus, the M-value platform provides a robust 124 system to differentiate MLC (0-0.4) and mitophagy (0.5-1.0) in physiological and pathological conditions. . We found that the M-value for MLC and mitophagy is consistent at different observation angles. 129 Finally, CCCP-induced mitophagy was confirmed with a commercially available mitophagy detection dye, 24 130 which generates higher red fluorescence compared with untreated cells (Fig. 3F ). 133 134 To demonstrate the advantages of SIM, we compared the performance of epi-illumination fluorescent 135 microscopy, confocal microscopy, and SIM in resolving mitochondria-lysosome interaction using the same 136 staining process with MTG and LTR ( Fig. 4 ). Mitochondria and lysosomes appeared as green and red plaques in 137 untreated cells under an epi-illumination fluorescence microscope, and a large area of yellow plaque was 138 generated in the overlaid image ( Fig. 4A) . One cannot capture any information about MLC events at this spatial 139 resolution, which may even cause a misinterpretation of mitophagy in untreated cells. Figure 4B 152 Since the M-value system is feasible to quantitatively separate MLC (<0.4) and mitophagy (0.5-1.0), we then 153 applied M-value to analyze the crosstalk of mitochondria and lysosomes in ATG13 knockout (ATG13 KO) and 154 FIP200 knockout (FIP200 KO) HeLa cells. Both ATG13 and FIP200 play important roles in the process of 155 autophagy and mitophagy ( Fig 5A) . 26, 27 28, 29 The endogenous ATG13 and FIP200 in wild-type (WT) cells were 156 knocked out with a CRISPR/Cas9 gene editing assay ( Fig 5B) . The ATG13 KO and FIP200 KO cells were then 157 exposed to media with or without 10.0 μM CCCP for 12 h prior to staining with MTG and LTR. In untreated 158 ATG13 KO cells ( Fig 5C) , mitochondria showed a continuous rod shape, and interacted with lysosomes as 159 MLC (M-value, 0.245) ( Fig 5E-1) . After CCCP treatment, damaged mitochondria appeared as granules with 160 various sizes ( Fig 5C) , which is similar to those in CCCP-treated WT cells (Fig 2A) . MLC (M-value, 0.186) 161 also occurred under CCCP treatment ( Fig 5E-2) . In contrast, compared to CCCP-treated WT cells (Fig 2A) , 162 mitophagy events in CCCP-treated ATG13 KO cells significantly decreased. In FIP200 KO cells, no mitophagy 163 was observed before and after CCCP-treatment ( Fig 
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